Biomineralization is a process of mineral deposition by organisms. Calcium salts are the major component of various biominerals, calcium carbonate being the predominant type in aquatic organisms. The mechanism of biomineralization has been conventionally analyzed by microscopic observation. The findings obtained suggest that minute amounts of organic matrices in biominerals play a key role in biomineralization. We first introduced the methodology of bioactive compound chemistry into this research field. Using various biominerals, such as the exoskeleton and gastroliths of the crayfish, the otoliths and scales of fish, the coccoliths of coccolithophores, bivalve shells, and coral skeleton, a range of organic matrices were purified by simple functional assays, and their chemical structures were determined. The function of each matrix component was estimated by its ability to interact with calcium carbonate and by in vitro crystallization, immunological localization, and site-specific and temporal expression of the encoding genes in the case of proteins and peptides, among other compounds. It was found that there was almost no similarity in chemical structure among organic matrices from various biominerals, but similarity in function was observed, and that made possible the functional classification of organic matrices.
Every organism consists of organic and inorganic compounds. Inorganic compounds exist as soluble ionic salts and solid minerals including crystals and noncrystalline precipitates. Solid tissue that contains inorganic compounds as the main component is called a biomineral, and the formation of a biomineral is termed biomineralization. Primitive organisms presumably developed in seawater, which is rich in inorganic compounds, and evolved over approximately 3 billion years. As a result, the composition of inorganic compounds in the body fluids of organisms, even in terrestrial ones, is similar to that of seawater. Organisms use solid inorganic materials for various purposes, such as defense against predators, maintenance of body structure and balance, chewing, storage of certain elements, and the detoxification of heavy metals. 1, 2) Most solid inorganic materials are made of calcium salts, including calcium carbonate, calcium phosphate, and calcium sulfate. The use of calcium phosphate is limited mainly to the bones and teeth of vertebrates and to the shells of some invertebrates, while calcium carbonate is found in a wide range of hard tissues, including mollusk shells, crustacean exoskeletons and gastroliths, coral skeleton, coccolithophore coccoliths, and fish otoliths and scales. 3) Biominerals contain not only inorganic minerals but also small amounts of organic material, called organic matrices. At the initial stage of biomineralization research, most studies were confined to microscopic observation of biominerals by optical microscopy, scanning electron microscopy (SEM), or transmission electron microscopy (TEM). These studies clarified differences in biominerals in terms of structure and physical properties, as compared with natural abiological minerals. Biominerals were found to be characterized by the involvement of minute amounts of organic matrices, which form complexes with minerals. A consensus was eventually reached that organic matrices play important roles in biomineralization. The mechanism of biomineralization has now been studied extensively, and in the past 15 years, various organic matrices have been identified. 4) However, most studies have identified only the major components of biominerals, without characterizing their functions. Nonetheless, it is particularly important to understand how inorganic minerals interact with organic matrices during the process of biomineralization.
Considering this background, our research group first introduced bioactive compound chemistry into this research field. Practically, certain assay methods to purify and identify putative functional organic matrices were adopted or developed. The identification of organic matrices and their functions of some representative aquatic organisms is described in the following sections.
I. Systematic Extraction of Organic Matrices
Each organic matrix exists in an intercrystalline or an intracrystalline state. Some interact strongly with inorganic crystals, while others interact with them weakly or not at all. In addition, interactions occur among organic matrices, and the ease of extraction of organic matrices depends on the strength of these interactions. We have classified organic matrices into three groups. The first group includes water-soluble organic matrices that are soluble after decalcification in EDTA or acidic solution. The second group includes water-insoluble but detergent-soluble organic matrices. The third group contains organic matrices that are insoluble under physiological conditions. The localization of organic matrices in biominerals appears to be strongly related to their function, as discussed below in section VII, where water-soluble organic matrices are further divided into two groups. The concept of extraction of organic matrices is shown in Fig. 1 .
II. Calcification in Crustaceans
Crustaceans have a hard exoskeleton protecting against enemies, but this hardness is inconvenient for growth. Hence they must shed an exoskeleton once they have outgrown it, a process known as molting. The hardness of an exoskeleton is maintained by the deposition of calcium carbonate supplied by the epithelia. The exoskeleton consists of four layers: the epicuticle, exocuticle, endocuticle, and membranous layer, in that order from exterior to interior, and the innermost membranous layer is attached to the epithelia. 5) Calcification occurs in the exocuticle and the endocuticle after molting. The exocuticle and endocutice have a relatively high proportion of organic matrices. They mainly contain chitin and proteins together with small amounts of other compounds as organic matrices. Calcium carbonate is deposited in the space formed by these organic matrices.
In order to identify the organic matrices responsible for calcification, we adopted the method of assessing the binding ability to calcium carbonate crystals developed by Wheeler and his colleagues 6) and later modified for small-scale assay, 7) called the calcification inhibition assay. By this assay, we purified three peptides, one (named Casp-2: calcification-associated soluble protein-2) from the water-soluble fraction, 8) and two (named CAP-1 and -2: calcification-associated peptide-1 and -2) from the water-insoluble, detergent-soluble fraction of the exoskeleton of the American crayfish, Procambarus clarkii. 7, 9) The primary structures of CAP-1 and -2 were determined by peptide sequence analysis, while that of Casp-2 was determined by a combination of peptide sequencing and cDNA cloning. The order of specific activity for calcification inhibition was as follows: CAP-1 > CAP-2 > Casp-2. Since these three peptides share a consensus sequence for chitin binding, called the Rebers-Riddiford consensus sequence, 10) they might be present in chitin-peptide complexes in the cuticle. A cDNA encoding CAP-1 has been cloned, 11) and the deduced amino acid sequence of CAP-1 was found to be entirely identical to the sequence determined at the peptide level. Expression of the CAP-1 gene was observed at the epithelia and during the post-molt stage.
CAP-1 is characterized by a highly acidic region at the C-terminus: an Asp repeat and a phosphorylated Ser, which are responsible for strong calcification inhibitory activity. Phosphorylation is especially important to this inhibition, 12) as in bone matrix phosphoproteins.
13) The Asp repeat is also important, but it has been found that repetition of Asp is not important for this inhibitory activity based on the results of studies of the structureactivity relationship. 14) In general, the presence of more Asp residues in an acidic region contributes to stronger inhibitory activity.
In crustaceans, during the pre-molt stage some of the calcium carbonate in the cuticle is partially dissolved and stored inside the body temporarily for reuse in the newly formed cuticle after molting. In the case of crayfish, the calcium carbonate is stored in the stomach as a pair of stones called gastroliths. 15) A pair of gastroliths is formed in the frontal part of the stomach and between the epithelial cells and the cuticle. The gastroliths grow until the time of molting, after which they diminish in size rapidly. We identified a matrix protein named GAMP (gastrolith matrix protein) in the water-insoluble, SDS-soluble fraction of gastroliths. 16, 17) GAMP is an acidic protein rich in Glu and it has two characteristic repeat sequences: one involves 17 tandem repeats of 10 residues located at the N-terminal end, and the other involves 14 tandem repeats of 5 residues at the C-terminal end. 18) GAMP also showed calcification inhibitory activity at 5 Â 10 À8 M. The GAMP gene is expressed only in the gastrolith disk, and only at the premolt stage.
18) The site and the time of its expression match well with gastrolith formation, strongly suggesting that GAMP is associated with this phenomenon. Immunological localization of GAMP was observed not only in the gastrolith but also in the exocuticle and endocuticle of the exoskeleton, 19) but we could not extract GAMP or a GAMP-like molecule from the exoskeleton.
The minerals in biominerals are not always crystalline. In the case of crustaceans, the calcium carbonate in both the exoskeleton and the gastrolith is not crystalline but amorphous. 5) Amorphous calcium carbonate (ACC) is thermodynamically unstable, and is easily transformed to a crystalline state. Hence it is believed that some organic matrices stabilize ACC, considering that ACC contains a relatively high level of phosphorus, which is thought to be important for ACC formation. ACC-stabilizing factors have been purified by a combination of an in vitro ACC-stabilizing assay and 31 P NMR measurement. Finally, two phosphorus-containing compounds as ACC-stabilizing factors, phosphoenolpyruvate (PEP) and 3-phosphoglycerate (3-PG), were identified. 20) Both compounds are intermediates of glycolysis and have both phosphate and carboxyl groups; they may be secreted constantly by epithelial cells and stabilize ACC. Biominerals are decalcified in an acidic or EDTA solution so as to give a water-soluble fraction. The insoluble fraction is dissolved in a solution containing detergent at high temperature to give a detergent-soluble fraction. Finally there remain insoluble organic matrices.
III. Calcification in Fish
Fish have bones and teeth as the major calcified tissues. They are composed of calcium phosphate, while there are otoliths made of calcium carbonate in the ear. There are three kinds of fish otolith in the inner ear: the sagitta, the lapillus and the asteriscus. The sagitta has been studied most extensively because it is the largest of the three and forms concentric circles on a daily basis with growth, and this is used to estimate the age of a fish in days.
We identified two glycoproteins, OMP-1 21) and otolin-1, 22) in the sagitta of the rainbow trout, Oncorhynchus mykiss. OMP-1 is water soluble and homologous to melanotransferrin, while otolin-1 is water insoluble but detergent soluble, and has a sequence similar to collagen. The rings that form daily are due to repetitive deposition of calcium carbonate and organic matrices. Otolin-1 is produced by cylindrical cells in the marginal zone of the sensory epithelium, and is localized at the organic matrix-rich part of these rings, suggesting that it is associated with their formation. Some OMP-1 is co-localized with otolin-1, but it is produced by most of the saccular epithelia. 23) Knockdown experiments by injection of anti-sense morpholino of zebrafish OMP-1 and otolin-1 into fertilized zebrafish eggs caused growth inhibition and fusion of two otoliths, the sagitta and the lapillus respectively, indicating that OMP-1 is related to otolith growth while otolin-1 is associated with the settlement of otoliths at the appropriate positions. 24) On the other hand, a zebrafish otolith matrix protein, starmaker, has been identified, and its role was deduced to regulate crystal formation by knockdown experiment. 25) Fish scales are presumably similar to teeth and bone, and should be useful as a tool for the study of mineralization in tooth and bone because they are located outside the body and are regenerated after removal. By in vitro calcium phosphate precipitation inhibition assay, which was developed on the basis of the calcium carbonate precipitation inhibition assay used in the purification of crustacean cuticle matrix proteins, 7) a novel protein, goldfish scale matrix protein (GSP)-37, was purified and identified.
26) GSP-37 is highly phosphorylated at many Ser and Thr residues. Dephosphorylated GSP-37 exhibited an extreme reduction in inhibitory activity, indicating that the phosphate groups are responsible for the inhibition of calcium phosphate precipitation. This was confirmed by the fact that recombinant GSP-37 prepared by an Escherichia coli expression system showed weak inhibitory activity. Expression analysis by RT-PCR indicated that GSP-37 is exclusively expressed in the scales. Immunohistochemical analysis by means of an anti-GSP-37 antiserum revealed that GSP-37 is present in the cells at the center of the regenerated scale, and that these cells are neither osteoblasts nor osteoclasts. Furthermore, immunohistochemical SEM analysis indicated that GSP-37 is located in the outer part of the limiting layer, a highly calcified layer, of regenerated scales. All these findings strongly suggest that GSP-37 is associated with scale calcification. 27) Recently, a re-examination of the expression site of the GSP-37 gene revealed that weak expression also occurred in the bones and teeth (our unpublished results), suggesting that GSP-37 is associated with calcification of the bones and teeth.
IV. Calcification in Coccolithophores
Coccolithophores are unicellular marine algae that produce coccoliths inside the cell. The shapes of the coccoliths are species-specific, and they can adopt a range of beautiful interesting forms. The scale of coccolith production is so large that they are considered to play a very important role in the global carbon cycle. Three acidic polysaccharides, PS-1, -2, and -3, have been identified from the water-soluble fraction of coccoliths of Pleurochrysis carterae.
28) The chemical structure of PS-2 was determined to be a polymer of a disaccharide unit consisting of glucuronic acid and its degradation product. 29) These acidic polysaccharides are localized around the coccoliths and might regulate crystal formation. We purified a novel polysaccharide from the coccolith water-soluble fraction of Pleurochrysis haptonemofera by calcification inhibition assay and named it coccolith matrix acidic polysaccharide (CMAP). CMAP has a structure similar to PS-2, and the only difference between CMAP and PS-2 is the stereochemistry at position 5 of uronic acid. Nevertheless, CMAP showed considerable calcification inhibitory activity even at 1 mg/mL in vitro, while PS-2 did not, indicating that stereochemistry is important for inhibitory activity.
1 H NMR analysis suggested that CMAP is also present in P. carterae, but we could not separate it out from PS-2 due to the structural similarity.
No matrix proteins have ever been identified in coccoliths. Recently, we isolated two proteins, one from the water-insoluble, SDS-soluble fraction of coccoliths, and the other from the SDS-insoluble fraction (our unpublished results). These proteins should be bound tightly to the organic base plate probably made of cellulose and be associated with coccolith formation. The establishment of RNA interference as a methodology to clarify the function of these proteins is now in progress.
V. Calcification in Mollusks
Mollusks, including gastropods and bivalves, have a hard shell around a soft body. Fossil records indicate that mollusks first began to form external hard tissue more than 500 million years ago, but the mechanism remains poorly understood, despite the economic importance of pearl aquaculture. A water-soluble matrix protein, nacrein, was first characterized in the nacreous layer of the Japanese pearl oyster Pinctada fucata in 1996. 30) Nacrein was found to have a similar sequence and similar activity to carbonic anhydrase, which had been thought to be involved in shell calcification. Subsequently, two framework proteins, MSI60 and MSI31, were characterized in the same species. 31 ) These works became milestones in research on matrix proteins in the mollusk shell.
First we tried to characterize a protein stained blue in Stains-all staining on an SDS-PAGE gel in the prismatic layer of P. fucata. This staining indicated that the protein was acidic. The reason for focusing on this protein was that acidic macromolecules are thought to be important in concentrating calcium ions for calcification.
32) The purified protein was named Prismalin-14.
33) Prismalin-14 has the ability to bind to chitin in the Gly/Tyr-rich region, and regulates calcification in both N-and C-terminal acidic regions. 34) An in situ hybridization experiment indicated that Prismalin-14 is produced in the external epithelial cells of the outer fold of the mantle edge. It is immunolocalized in the wall surrounding the prism.
The pearl and the nacre of the shell share a common layered structure showing regular repetition of a unit consisting of an aragonite tablet and an organic sheet, which account for the luster that they exhibit. More than 50 years ago, the presence of an aragonite-inducing factor in nacre extract was first reported. 35) Since then, many researchers have tried to identify this factor, but in vain. We searched for an aragonite-binding organic matrix by aragonite-binding assay, in which organic matrices are incubated with powdered aragonite or calcite and then the crystals are washed with a series of solutions. 36) The results obtained by SDS-PAGE of the washings indicated that a band of about 80 kDa disappeared after incubation with aragonite alone. We concluded that this protein has the ability to bind to aragonite more specifically than to calcite, and we named it Pif 80. 36) A cDNA encoding Pif 80 has been cloned. 36) It was found to encode a precursor protein including a signal peptide, another protein (Pif 97), and Pif 80 in this order upstream to downstream. There is a processing consensus sequence, RXRR, between Pif 97 and Pif 80. Pif 97 contains a von Willebrand type A (VWA) domain at the N-terminal end and a chitin-binding domain at the C-terminal end. These sequence characteristics suggest that Pif 97 binds to the chitin sheet through the chitinbinding domain and that they form a complex with other proteins, including Pif 80, through the VWA domain, finally forming a chitin/protein complex.
In an in vitro calcification experiment in which a complex of Pif 80 and Pif 97 was bound on a chitincoated glass plate, aragonite and vaterite crystals formed, while only calcite formed in the control experiment without a Pif complex. As confirmed by detailed observation by TEM, an aragonite crystal formed between the glass plate and the chitin film, and the c-axis was oriented perpendicular to the glass plate, similarly to the case of natural nacre. On the other hand, an RNA interference experiment performed by injection of double-stranded RNA of Pif demonstrated inhibition not only of nacre growth but also organic sheet formation with a decrease in Pif expression. All these results strongly suggest that Pif plays a key role in nacre formation. 36) Pif-like molecules have been found in some species closely related to the pearl oyster P. fucata, and also in the blue mussel, Mytilus galloprovincialis, which is phylogenetically distant from it, 37) but the sequence homologies decreased with increasing phylogenetic distance from P. fucata. Considering the importance of the Pif molecule in nacre formation in P. fucata, Pif homologs might play similar roles in various species.
VI. Calcification in Corals
Reef-building corals are one of the main fixers of CO 2 in the ocean, especially in coastal areas in tropical and subtropical regions. Only one matrix protein, galaxin, was identified in the water-soluble fraction of the calcified skeleton of Galaxea fascicularis. 38) Galaxin is widely distributed among corals. 39, 40) It has a characteristic structure: a tandem repeat sequence, each unit consisting of about 30 amino acids containing a pair of di-cysteine residues. Various recombinant proteins, including the whole sequence as well as partial sequences containing one to six repeating units, have been prepared, and their functions are being examined. Preliminary results indicate that recombinant galaxin has the ability to bind both to calcium carbonate crystals and to chitin (our unpublished results). Recently, two novel proteins have been discovered in SDS/DTT extracts of the water-insoluble fraction (our unpublished results), and characterization of them is in progress.
VII. Roles of Organic Matrices in Biomineralization
The localization of organic matrices in biominerals appears to be related to ease of extraction with various solvents. Calcium carbonate can be dissolved in an acidic solution or an EDTA solution, and some organic matrices are concurrently dissolved in the solution. These are called water-soluble organic matrices, or acidor EDTA-soluble organic matrices, depending on the decalcifying solvent used. They are further divided into two groups: organic matrices that stabilize and maintain ACC (group 1), and those that probably control the morphology of crystals (group 2). For example, group 1 includes PEP and 3-PG in crustaceans, while group 2 includes Casp-2 in the crayfish exoskeleton, OMP-1 in fish otolith, CMAP in coccolith, nacrein in mollusk shell, GSP-37 in fish scale, and galaxin in coral skeleton. After decalcification, insoluble materials usually remain. When these are treated with an aqueous solution containing detergent at high temperature, some materials are extracted. In our experience, the addition of dithiothreitol (DTT) to the solution greatly increases extraction efficiency. The materials thus extracted are called water (acid, EDTA)-insoluble, detergent-soluble organic matrices, or simply water (acid, EDTA)-insoluble organic matrices (group 3). Organic matrices belonging to group 3 can play important roles in biomineralization as in nucleation and the orientation of crystals and crystal polymorphism. This group contains GAMP and CAP-1 and -2 in the crayfish, and Pif 80/Pif 97 in the nacreous layer and Primalin-14 in the prismatic layer of the oyster shell. However, even after exhaustive extraction, there remains insoluble organic material, referred to as insoluble organic matrices (group 4). Organic matrices of group 4 might offer a scaffold for crystallization, and they contain biopolymers such as chitin, cellulose, and collagen. Organic matrices of group 3 bind tightly to those of group 4 and function as key molecules in biomineralization. Figure 2 summarizes the classification of organic matrices by solubility, distribution and possible role. Recently, a matrix protein that binds very strongly to chitin and cannot be extracted with a detergent solution, was identified. 41) As to the binding manner of this protein, there remains a possibility of covalent binding.
VIII. Summary and Future Prospects
Recently an enormous amount of data has been obtained by molecular biological approaches involving genomic, transcriptomic, and proteomic analyses in the research field of biomineralization. [42] [43] [44] These new methodologies have greatly influenced the type of research that is undertaken, especially in bioscience, but it is still difficult to identify functional proteins by searching for sequence homology with known functional proteins, due to a lack of information about molecules related to biomineralization. Thus, conventional methods remain more useful to identify new functional organic matrices. In the future, both methods will probably be orchestrated for a better understanding of the mechanism of biomineralization.
Some of the studies mentioned above indicate the importance of post-translational modifications, such as phosphorylation of Ser and Thr, in the control of biomineralization. 12, 26) In addition, small phosphorylated molecules have been found to be important for maintenance of the amorphous state of calcium carbonate. It is well known that phosphorylation and dephosphorylation of intracellular proteins, which bring about changes in three-dimensional structures, are key reactions in signal transduction. In biomineralization, phosphorylation may be important mainly in lowering the pI or the local acidity of proteins. Such a phosphate moiety interact with calcium ions or calcium on the surface of crystals of calcium carbonate or calcium phosphate. Hence protein chemistry should become increasingly important in biomineralization research.
The molecular evolution of matrix proteins may be somewhat different from that of ordinary functional proteins. The rate of mutation in matrix proteins seems much faster than in other functional proteins, resulting in little similarity in amino acid sequence. This might be due to the characteristic interaction between proteins and inorganic crystals. A detailed examination of the amino acid sequences of Pif 80/Pif 97 of P. fucata and its homologs of some mollusks indicated that these proteins originate from an extracellular protein containing the laminin G domain. 45) The amino acid sequences responsible for organic/organic interactions are moderately conserved, whereas other sequences are scarcely conserved. More examples of matrix proteins must be analyzed.
Considering the importance of organic matrices in the regulation of biomineralization, analysis of the direct interaction between organic matrices and inorganic crystals is a key step towards better understanding of the mechanisms underlying biomineralization.
